Abstract-All-fiber single-transverse-mode laser oscillators operating at 785 nm were demonstrated by splicing a 0.1 mol% Tm 3+ -doped fluoride fiber with a core diameter of 4 µm and a numerical aperture of 0.07 to a pair of silica fiber Bragg gratings. About 500 mW of continuous-wave single transverse mode laser output at 784.5 nm with a 3-dB spectral bandwidth of 0.2 nm was obtained by upconversion pumping a 3-m-long gain fiber at 1125 nm. Our experiments show that the ground-state absorption of Tm 3+ at 785 nm is the origin of low efficiency in previous reports. The efficiency of this all-fiber laser can be improved by using a gain fiber with an optimized overlap between the laser, the pump, and the fiber core, and employing new pumping schemes that deplete the ground state sufficiently.
I. INTRODUCTION
L ASER sources in the 785 nm band have found a variety of applications including remote sensing, spectroscopy, medicine, and scientific research. Laser sources at 785 nm have been widely used by dermatologists to study the sunburn skin reaction [1] , and have also been extensively used for Raman spectroscopy because the fluorescence of most organic molecules excited at this wavelength is very low and detectable Raman signal with a reasonable signal-to-noise ratio can be produced at a pump power that does not cause substantial photodamage in biological studies [2] . Most recently, a 785 nm laser was used to pump perovskite platelet crystals to achieve laser cooling with a temperature decrease by 23 K [3] . Laser emission in the 785 nm band can usually be obtained from diode lasers, Ti:sapphire laser, and through frequency-doubling of L-band lasers in the third telecommunication window. In 2014, Sumpf et al. [4] reported a 215 mW distributed Bragg reflector diode laser at 785 nm , however, the output power of a single-mode diode laser is generally limited to hundreds [7] . However, harmonic generation lasers are very sensitive to their environment and also lack agile wavelength tunability. Because fiber lasers have the advantages of high power scalability, excellent beam quality, and outstanding heat dissipation capability, fiber lasers based on direct emission at 785 nm should be able to overcome the constraints of the laser sources mentioned above and produce high power lasers with outstanding features required for various applications. In this letter, we report our investigation on the power scaling of Tm 3+ -doped fluoride fiber laser at 785 nm.
As shown in Fig. 1 , the transition 1 G 4 → 3 H 5 of Tm 3+ can produce emission in the 785 nm band. However, this transition is usually diminished in high phonon energy glasses such as silica and phosphate due to multi-phonon non-radiative decay. Efficient emission from the 1 G 4 → 3 H 5 transition of Tm 3+ can be obtained in ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF), which is the most stable heavy metal fluoride glass and has a phonon energy as low as 500 cm −1 . ZBLAN is an excellent host for rare-earth ions and has been extensively used for efficient and compact ultraviolet, visible, and infrared fiber lasers [8] . In addition to the emission in the 785 nm band, Tm 3+ doped ZBLAN has a broad range of emission wavelengths from 2.3 µm ( 3 H 4 → 3 H 5 )to 284 nm ( 1 I 6 → 3 H 6 ) and a variety of Tm 3+ -doped ZBLAN fiber lasers have been reported [8] - [17] . Due to the great demand for blue laser sources, Tm 3+ -doped ZBLAN fiber lasers in the blue have been extensively studied [13] - [15] . Most recently, an all-fiber single frequency laser at 478 nm that can be used to create a compact deep UV laser via frequency doubling was demonstrated [14] . Compared to the substantial study of Tm 3+ -doped ZBLAN fiber lasers at other wavelengths, investigation of the fiber lasers at 785 nm has lagged behind. In 2005, Qin et al. [16] reported their study on the 784 nm amplified spontaneous emission 1041-1135 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. of a Tm 3+ -doped ZBLAN fiber. Later, multi-wavelength laser emission was demonstrated with a 2 m 0.1 mol% Tm 3+ -doped ZBLAN fiber. However, the output power of the fiber laser was only a few mW [17] . In 2007, dual-wavelength operation of a 0.2 mol% Tm 3+ -doped ZBLAN fiber was investigated by Androz et al. [11] and about 30 mW of laser output at 785 nm was obtained. It is worthwhile to note that all these previous experiments were demonstrated with multimode gain fibers and free space optics, which did not take advantage of the fiber laser geometry. In this letter, we report the first demonstration of an all-fiber single transverse mode laser at 785 nm with, to the best of our knowledge, the highest output power (0.5 W) thus far reported.
II. EXPERIMENT
As shown in Fig. 1 , Tm 3+ ions can be excited to the upper laser level 1 G 4 by either one photon pumping at 465 nm or upconversion multi-photon pumping at 1.1 µm. Directly pumping at 465 nm has the advantages of high conversion efficiency and no need of high pump density. However, high power single-mode diode lasers at 465 nm are still not available and the power levels of multimode diode lasers are not high enough to enable cladding pumping with high conversion efficiency due to the small absorption cross-section at 465 nm (about 1 × 10 −21 cm 2 ). Upconversion multi-photon pumping is currently still the most efficient method to excite to the 1 G 4 level. In this experiment upconversion pumping at 1125 nm was used to populate the 1 [19] .
In our experiment, a Tm 3+ -doped ZBLAN fiber with a core diameter of 4 µm and a numerical aperture (NA) of 0.07 was used as the gain fiber. The cladding diameter of this fiber is 125 µm, which is compatible with standard silica fibers enabling robust fusion splice for all-fiber laser development. The fiber core is doped with 0.1 mol% Tm 3+ ions and the pump absorption of the fiber was measured to be 1.56 dB/m at 1125 nm by a cutback experiment.
The schematic of the all-fiber laser is shown in Fig. 3 . An ytterbium (Yb 3+ ) doped silica fiber laser operating at 1125 nm was used as the pump source. Two fiber Bragg gratings (FBG) at 785 nm inscribed in the 780HP silica fiber cores were used to make the resonant cavity. A high reflection (HR) FBG with a peak reflectivity of 99.9% and a 3-dB bandwidth of 0.66 nm was used at the cavity mirror. A low reflection (LR) FBG with a peak reflectivity of 53.44% and a 3-dB bandwidth of 0.2 nm was used as the output coupler. The Tm 3+ -doped ZBLAN fiber was spliced to the two FBGs from both sides using a proprietary splicing technique [20] . An image of the splice joint between the silica fiber and the Tm 3+ -doped ZBLAN fiber is shown in the inset of Fig. 3 . The 1125 nm pump laser delivery fiber (Hi1060) was spliced to the HR-FBG. The LR-FBG was spliced to the common port of a 785/1125 nm WDM made of 780HP fiber, which separates the residual 1125 nm pump laser and the 785 nm signal laser. The output power was measured with a power meter (Ophir StarBright), and the optical spectrum was measured with an optical spectrum analyzer (Ando, AQ6351A). 
III. RESULT AND DISCUSSION
In our experiment, 3-m and 6-m Tm 3+ -doped ZBLAN fibers were tested. The output power of the 3-m Tm 3+ -ZBLAN fiber laser with respect to the launched pump power was first measured and is shown in Fig. 4 . The pump threshold of this laser is about 1.2 W. The laser output increases linearly with increasing pump power, following typical laser performance for pump powers less than 4 W; in this regime the slope efficiency is about 2%. However, the slope efficiency of the laser increases dramatically as the pump power further increases. The slope efficiency becomes 17.8% when the pump power exceeds 7 W. An output power of 0.485 W was obtained at 8.7 W pump power, which was the maximum pump power handling capability of our current ZBLAN fiber chains. The spliced ZBLAN fiber chain was found to burn at higher pump power because the cladding of the single-cladding ZBLAN fiber absorbs the uncoupled pump power.
The output power of the 6-m Tm 3+ -ZBLAN fiber laser was also measured and is shown in Fig. 4 . As opposed to the performance of the 3-m fiber laser, the output power of the 6-m fiber laser was a linear function of the pump power. The slope efficiency of the 6-m fiber laser is about 1.8% and the maximum output power of 136 mW was achieved for a pump power of 8.7 W. The difference in performance between the 3-m and 6-m fiber lasers is due to the strong absorption of Tm 3+ at 785 nm and the small absorption at 1125 nm as shown in Fig. 5 . Since the ground-state absorption 3 H 6 → 3 H 4 is strong at 785 nm, the ions staying in the ground-state will absorb the generated 785 nm laser light and thus reduce the laser efficiency. In the 3-m fiber laser, the whole gain fiber segment is sufficiently pumped and the number of ions staying in the ground-state reduces significantly as the pump power reaches more than 5 W, such that good population inversion is achieved. As a result, fiber absorption at 785 nm reduces and the laser efficiency increases accordingly. In the 6-m fiber, however, the fraction of ions remaining in the ground-state is still significant at 8.7 W pump power and thus the nonlinear increase of the efficiency observed in the 3-m fiber laser is not observed in the 6-m one. The decrease in ground-state absorption at 785 nm with increasing pump power exhibits good agreement with the observation of Chiow et al. [7] . They found that the ASE emission at 810 nm decreases with the increasing pump power, which indicates that the number of ions in the ground state is reduced, while the emission intensity in the 785 nm band is growing.
The spectrum of the all-fiber Tm 3+ -ZBLAN laser was measured with the OSA and is shown in Fig. 6 . The central wavelength is 784.5 nm and the 3-dB spectral bandwidth is 0.2 nm.
Our experimental results have shown that the efficiency of the 3-m Tm 3+ -doped ZBLAN fiber laser at 785 nm increases with increasing pump power. It is expected that higher efficiency can be achieved at even higher pump powers. Nevertheless, the efficiency of the 785 nm fiber laser can also be increased by reducing the splice loss between ZBLAN fiber and silica fiber, while also improving the overlap of the fiber core with the laser and pump modes. Another technique that can increase the laser efficiency is dual pumping. As is illustrated in Fig. 5 , the absorption cross-section at 1125 nm is small in the ground state, while this wavelength has a strong absorption in the metastable energy levels 3 F 4 and 3 H 4 [18] . To reduce the population in the ground state and consequently increase the laser efficiency, a pump laser at the strong absorption peaks of Tm 3+ can be used to depopulate the ground state and excite them to the 3 F 4 energy level, while the 1125 nm laser is used to carry out upconversion. Therefore, dual-wavelength pumping may be a promising approach to achieve a high efficiency fiber laser at 785 nm.
IV. CONCLUSION
In conclusion, we have developed an all-fiber singletransverse-mode fiber Tm 3+ -doped ZBLAN laser operating at 785 nm and an output power of about 0.5 W was obtained at a pump power of 8.7 W. A maximum slope efficiency of 17.8 % was obtained with the 3-m fiber as the pump power exceeded 7 W. The efficiency of this all-fiber laser can be improved by reducing the splice loss, using a gain fiber with optimized overlap between the laser, the pump and the fiber core, and employing new pumping schemes to deplete the ground state sufficiently.
